ABSTRACT Two experimental techniques have been utilized to explore the barrier properties of lecithin/decane bilayer membranes with the aim of determining the contributions of various domains within the bilayer to the overall barrier. The thickness of lecithin/decane bilayers was systematically varied by modulating the chemical potential of decane in the annulus surrounding the bilayer using different mole fractions of squalene in decane. The dependence of permeability of a model permeant (acetamide) on the thickness of the solvent-filled region of the bilayer was assessed in these bilayers to determine the contribution of this region to the overall barrier. The flux of acetamide was found to vary linearly with bilayer area with Pm = (2.9 ± 0.3) X 10-4 cm s-1, after correcting for diffusion through unstirred water layers. The ratio between the overall membrane permeability coefficient and that calculated for diffusion through the hydrocarbon core in membranes having maximum thickness was 0.24, suggesting that the solvent domain contributes only slightly to the overall barrier properties. Consistent with these results, the permeability of acetamide was found to be independent of bilayer thickness.
INTRODUCTION
Lipid bilayers are a fundamental component of biological membranes. The composition of lipid bilayers and their "fluidity" directly govern both the passive transport of drugs, metabolites and other nonelectrolyte solutes (1) (2) and the activity and kinetics of membranebound enzymes and carriers (3) (4) . Isolated planar black lipid membranes (BLM) formed from a solution of a lipid dispersed in a nonpolar solvent such as n-decane (5) have become important model systems for the study of various biomembrane phenomena. In contrast to biological membranes, the chemical composition and structure ofisolated lipid bilayers are generally more readily established, which offers advantages in studies of transport mechanisms.
Unlike the isotropic environment encountered by a solute diffusing in a bulk solvent or through a homogeneous membrane, the microenvironment encountered by a molecule permeating through a lipid bilayer membrane varies dramatically with depth. In its transit through a bilayer, a permeant encounters three somewhat distinct domains: an ordered, highly polar interfacial (head group) region, an outer, well-ordered hydrocarbon region, and a region of relatively disordered hydrocarbon chains near the center of the bilayer. The disordered hydrocarbon interior may be expanded in thickness by as much as twofold in planar lipid bilayer membranes formed from a phospholipid dissolved in hydrocarbon due to the accumulation of excess hydrocarbon solvent in the bilayer interior.
An as yet unresolved issue, central to a complete understanding of molecular permeability through lipid bilayer membranes, is the degree to which each of these domains contribute to the overall barrier properties. Two experimental techniques which address this question are developed and used in this paper to explore the barrier properties of lecithin/decane bilayers. First, the thickness of lecithin/decane bilayers has been systematically varied by modulating the chemical potential ofdecane in the annulus surrounding the bilayer using different mole fractions of squalene in decane. Using these bilayers, the dependence of permeability ofa model permeant (acetamide) on the thickness of the disordered hydrocarbon region of the bilayer has been assessed to determine the contribution ofthis region to bilayer resistance.
The relative contributions of the bilayer interface and ordered hydrocarbon regions to the transport barrier may be evaluated by exploring the effective chemical nature of the rate determining barrier microenvironment. This may be probed by comparing functional group contributions to solute transport through bilayers with those obtained for partitioning of the same solutes between water and various model bulk solvents ranging from nonpolar hydrocarbons to polar, hydrogen-bonding solvents such as octanol. Because permeabilities for a series of compounds in which even a single substituent is varied may span several orders of magnitude, group contributions for a wide range of substituents are difficult to obtain. At low permeabilities limitations arise from difficulties in detection oftransported permeant; at high permeabilities, unstirred water layers become rate limiting in transport experiments. Described herein is a novel approach for obtaining group contributions to transport using ionizable permeants and pH adjustment to identify for each permeant a pH "window" in which transport is clearly membrane controlled and fluxes are sufficiently high to allow accurate detection ofpermeant concentration in the receiver compartment of a transport cell. Using this procedure, the -OH group contribution to transport through a lecithin/bilayer has been determined.
constant and can be considered to be in series with the hydrocarbon interior, have only a minor contribution to the measured capacitance (6-7).
Bilayer area measurements
The absolute area ofthe Teflon hole used for the bilayer formation was determined by using vernier microcalipers. To measure the area of the "black" (bilayer) portion of lipid films during the transport experiments, membranes were viewed through a StereoZoom microscope (Bausch and Lomb, Rochester, NY) aligned normal to the membrane. Photographs were made on Polaroid 667 (ASA 300) film with a 3-1/4x 4-¼/4 Polaroid Land camera (Bausch and Lomb, Rochester, NY). The membrane was transilluminated with an illuminator (Model 650, Reichert Scientific Instruments, Buffalo, NY). After photographing the membrane, the area of the bilayer was determined by the weight-area method.
METHODS AND MATERIALS

Bilayer thickness determinations
Lipid bilayer thickness was determined by capacitance measurements using an electrochemical system developed in this laboratory. A circuit diagram is shown in Fig. 1 . A four-electrode system (two silver-silver chloride reference electrodes and two platinum working electrodes) was placed in the diffusion cell to maintain a stable potential on both sides ofthe membrane by the feedback circuit in a potentiostat (Model JDP 165A, JAS). A sine wave signal from an 11 MHz stabilized function generator (Model 21, Wavetek, Barnhill Corporation, Inc., Murray, UT) is split into two parts, one passing through a lock-in amplifier (Ithaco Model 3941, Ithaco, Inc., Ithaca, NY) as a reference signal and the other passing through the potentiostat and then the membrane. Any unwanted impedance contribution from the electronic system alone is eliminated by adjusting the corresponding amplitude (A) and phase (O) to zero. The amplitudes and phase shifts for a standard capacitor (AO, 00) and the membrane system (Am, 4m) can be measured for frequencies ranging from 10 Hz to 500 kHz. Compared with the traditional AC bridge (6-7) and the DC transient relaxation methods (8) , the present technique has the advantage of greatly enhanced data acquisition and noise reduction.
The working equations relating the complex capacitance CM, Cm = C' -ic, (1) of the membrane system to the experimentally (Am, 4m) are (cf Appendix) observable data CI = C Am cos (km -_ ) (2) and C" = C0 A sin (Om -o0), (3) where C0 is the capacitance of the standard capacitor. Cole-Cole plots are obtained by plotting -C' versus C' at different frequencies,Jf The (9) . In contrast with the diaphragm-cell and porous porcelain frit methods, the present method has the advantages of being an absolute method and having a small surface to volume ratio so that solute adsorption effects are small. The diffusion capillaries used were -0.6 mm in internal diameter and 5 cm in length (1) . Before diffusion four capillaries were filled with the same solution ofknown solute concentration (<1 X 10-3 M). They were then immersed vertically into a reservoir (-1 liter) containing the same solution but without solute. The reservoir was placed in a large circulating bath controlled at a temperature of 25 ± 0.05°C. After diffusion had taken place for a certain length oftime (t), the capillaries were withdrawn from the reservoir and the solution in each capillary was removed with a 10-,gl microsyringe and dissolved in 1 
RESULTS AND DISCUSSION
Variation of bilayer thickness by modifying the activity of decane in the annulus It is well known that residual hydrocarbon solvent used in the formation of thin lipid membranes remains in the bilayer after the thinning process resulting in an increased thickness (10-1 1). Questions remain, however, as to how this solvent, which is not present in biomembranes, affects transport through bilayers. Fig. 2 depicts the essential elements in a typical lipid membrane. Differential scanning calorimetry (10), x-ray diffraction (10) , and 2H-NMR ( 11) measurements indicate that the solvent trapped in the bilayer is located mainly in the less ordered central region. Alkanes differing in chain length are not equally soluble in lipid bilayer membranes (12) and the local order parameters do not vanish (13) suggesting that the solvent filled bilayer interior may be similar but is not completely equivalent to a simple bulk liquid hydrocarbon.
The thickness of most lipid bilayers formed with egg lecithin in decane spans the range of 41 -51 A. To extend the thickness range one can use as a dispersion medium either one-component hydrocarbon solvents differing in chain length (12) or solvent mixtures differing in mole fraction of the composite components (14) . Solvent mixtures made of different mole fractions of squalene in decane were used in this study. The method was first introduced by White (14) to obtain "solventfree" bilayers made of glyceryl monooleate. The bilayer itselfis assumed to be free ofsqualene as a previous study has shown that squalene is insoluble in dipalmitoyl lecithin dispersions (15) . The presence of squalene in the annulus can, however, modify the chemical potential of decane in the annulus which is in metastable thermal equilibrium (16) with the bilayer and thus determine the solubility of decane in the bilayer because of the enormous mass difference between the bilayer and its surrounding torus. The thickness of the bilayer dm is directly correlated with the solubility of decane in the bilayer, dm = nLVL + nDVD, (7) where nL and nD are the number of lipid and decane molecules per unit area of bilayer, respectively, and VL and VD are the molecular volumes of the lipid and decane. Fig. 3 shows capacitance-area profiles for bilayer membranes with different mole fractions of squalene in decane. As expected, the observed capacitances correlate linearly with the bilayer areas with slopes giving specific capacitances of the bilayer membranes. Fig. 4 shows the variation of the bilayer thickness at different mole fractions of squalene (Xsq) in decane, determined from specific capacitances. The bilayer membranes formed have thicknesses ranging from 25 A to 51 A. For X,q < 0.3 the bilayer membranes formed were stable for up to several hours, whereas for X,, > 0.4 the membranes were difficult to form and once formed did not have a stable area but expanded continuously at the expense of the surrounding torus. The lower limit of the bilayer thickness obtained with X. = 0.3 -0.4 (dm = 25 A) is very similar to that deduced from x-ray diffraction measurements on the lamellar phase of lecithin (dm = -26 A, [17] [18] [19] ), implying that essentially solvent-free bilayer membranes are formed under these conditions. Permeability of acetamide: assessment of the effects of bilayer thickness, unstirred water layers, and the annular region on Pm
It is well established from NMR studies (13, 20) The thickness dependence of the permeabilities (Pm) for acetamide through lecithin/decane + squalene bilayers is shown in Fig. 5 . Thicknesses were varied by using different mole fractions of squalene in decane as described previously. In the figure, the solid line is a plot consistent with Overton's rule Pm = Kw,mDmIdm, (8) where ki is the rate constant for interfacial transport and dorder and ddisorder are the effective thicknesses of the or-8-u (9) where Kw , m is the permeant lipid bilayer/water partition coefficient. For this comparison the predicted curve was forced through the average observed permeability coefficient at a bilayer thickness of d = 50 A. While Overton's rule assumes the bilayer to be a homogeneous phase and FIGURE 5 The permeability coefficient of acetamide at 25°C as a function ofbilayer thickness. The bilayer thickness was varied by using different mole fractions of squalene in decane as a dispersion medium for the lipid.
thus predicts that the transport rates through lipid bilayers are inversely proportional to the bilayer thickness, our experimental results exhibit no significant dependence on the bilayer thickness. Several possibilities may account for this observation: (a) the flux of acetamide may be unstirred water layer controlled under the conditions of this experiment; (b) the flux of acetamide through the annular region surrounding the bilayer may predominate and mask the effects of thickness in the bilayer region; (c) the transport of acetamide through the hydrocarbon region in the center ofthe bilayer is rapid relative to transport through other domains; or (d) the organization of chains in the peripheral region of the bilayer or at the bilayer/water interface is perturbed by decane in a manner which exactly cancels the decrease in permeability coefficient resulting from an increase in thickness. Each ofthese possibilities are now considered in more detail.
The total unstirred water layer thickness in our transport cell was determined (see later discussion) to be 170 ± 8 ,um, yielding a thickness ratio for unstirred water layers to a lecithin/decane bilayer having maximum thickness (dm -50 A) of -34,000. Small, relatively lipophilic molecules are therefore likely to exhibit unstirred water layer controlled transport across planar bilayer membranes. Acetamide was chosen as a model permeant for these studies because it is relatively hydrophilic and therefore, likely to be membrane controlled in its transport. The diffusion coefficient of acetamide in water was found by the open-ended capillary method to be (1.41 ± 0.02) x 10-5 cm2 s-' at 25 + 0.05°C, which is in good agreement with the data reported by Gary-Bobo and co-workers of(1.32 ± 0.03) x 10-5 cm2 s-' at 24.8 ± 0.05°C (22) . From the diffusion coefficient and unstirred water layer thickness an apparent permeability coefficient of 8.3 x 10-4 cm s-I would have been expected for acetamide if its transport were unstirred water layer controlled. The observed average permeability coefficient of (2.2 ± 0.2) X l0-' cm s-' determined for acetamide in lecithin/decane bilayers at maximum thickness is approximately 25% of the unstirred water layer estimate. We conclude, therefore, that the flux of acetamide is primarily lipid bilayer membrane controlled in these experiments. Correcting for the unstirred layer contribution, we obtain a membrane permeability coefficient, Pm = (2.9 ± 0.3) x 10-4 cm s-'. This value is comparable to the value (Pm = 1.7 X 10-4 cm s-') reported by Orbach and Finkelstein (2) under similar experimental conditions. The discrepancy may be attributed to many factors, one being the poorer temperature control (±2°C) in the work cited.
Referring to Fig. 2 , it is evident that a permeant may pass from the donor to receiver compartment through the thin bilayer region or through the thick torus surrounding the bilayer. In any given experiment the area which thins to bilayer dimensions may be a small fraction of the area occupied by this annulus. The interior of the latter consists mainly of solvent and is therefore hydrocarbonlike in its properties. If diffusion through this region is fast relative to the rate ofpermeant transfer across the interfacial or more ordered hydrocarbon regions adjoining the interface, it is conceivable that the flux of acetamide reflects primarily trans-annular diffusion. This could account for the absence of any dependence of acetamide flux on bilayer thickness. However, White has shown by a thermodynamic argument that the torus is sufficiently thick that it has a negligible effect on the capacitance measurement of bilayer thickness (23) , supporting the view of Stein (24) that the torus is many times thicker than the black membrane and would not normally present a significant parallel pathway for diffusion. We have shown that the flux of acetamide depends linearly on the area of the black portion of the membrane and approaches zero as the area of the bilayer region approaches zero. Fig. 6 presents the observed permeability coefficient of acetamide per unit area ofthe bilayer portion oflecithin/decane bilayers as a Area(%) FIGURE 6 The permeability coefficient (= flux divided by bilayer area) of acetamide at 25°C as a function of bilayer area. The bilayer membranes were made of egg lecithin (2% w/v) in decane. Whereas the torus surrounding the bilayer is several orders of magnitude thicker than the bilayer, Pm is only 4-5 times smaller than P0. This fact provides further evidence that the torus surrounding the bilayer membrane should have a negligible effect on the overall transport rate of acetamide, and is consistent with the linear dependence of permeability coefficient on the area ofthe bilayer portion of the membranes examined.
It is possible that the lack of dependence of acetamide's permeability on bilayer thickness reflects a fortuitous cancellation of the effect of thickness predicted by Overton's rule and an enhancement caused by perturbation of the ordered regions of the bilayer with increasing solvent content. Variation in hydrocarbon content in the bilayer membrane is expected to have only a minor effect on the lipid chain organization in the bilayer since the solvent is mainly located between the two lipid monolayers. This is in agreement with surface density measurements (12) (26) (27) indicate that solute (benzene and hexane) partitioning between a phospholipid bilayer and water decreases by an order of magnitude as the surface density increases by only two fold. Thus, it appears that a very slight decrease in surface density with increasing solvent content in the bilayer, which may have been obscured in previous studies due to inherent experimental uncertainties and/or theoretical assumptions, could significantly affect the observed permeability. The range over which acetamide's permeability coefficient remains independent of thickness would appear to make this possibility unlikely, however.
A study by Marqusee and Dill (28) has shown that local anisotropy in bilayer membranes has important consequences relating to the distribution of substrates within the bilayer interior. Independent ofmolecular polarity, a substrate molecule tends to localize preferentially in the mid-layer region rather than in the more ordered regions. If the discrepancy between the permeabilities Pm and P0 is solely due to unfavorable partitioning into the ordered regions, one has the following relation (28) P= qPO,
( 1 1 
Determination of functional group contributions to transport
The effects of various substituents on permeant transport through lipid bilayers when compared with the effects of the same substituents on organic solvent/water partition coefficients as the organic phase is varied from relatively nonpolar to polar, hydrogen-bonding solvents may provide useful information on the chemical microenvironment probed by the permeant in the ratelimiting region of the bilayer. Particularly, we wish to know whether the rate-limiting microenvironment is hydrocarbonlike, as one might expect ifthe ordered hydrocarbon region is the barrier to transport, or a more polar, hydrogen-bonding region such as that likely to be found in the interfacial region of a bilayer. Reliable functional group contribution data for bilayer membrane transport are now available only for the -CH2-group over a narrow range of solute chain lengths and in a limited number of bilayer systems (29) .
The contribution ofa functional group, X, to the standard free energy of solute transfer from water to an organic solvent may be expressed by
where KRX and K RH are the solvent/water partition coefficients for the substituted and unsubstituted solute (13) Ifboth polar, hydrogen-bonding substituents as well as nonpolar substituents are included within a series ofpermeants, permeability coefficients are likely to vary by several orders ofmagnitude. More lipophilic members of the series are therefore likely to be unstirred water layer controlled while transport ofthe most polar compounds may be difficult to detect. This problem has been circumvented in this study by utilizing p-toluic acid as the unsubstituted reference permeant. A comparison of the membrane controlled permeability of this compound with that of p-hydroxymethyl benzoic acid has allowed us to calculate the -OH group contribution to transport.
p-toluic acid in its unionized form exhibits aqueous diffusion controlled transport across lipid bilayer membranes. However, as the fraction of unionized species is decreased with increasing solution pH, the transport of p-toluic acid becomes membrane controlled (permeability decreases), establishing that it is the neutral species which accounts for bilayer flux.
To ensure that variation in pH does not alter the barrier properties of lecithin/decane bilayers, the permeability coefficient for acetamide, a nonelectrolyte, was determined over the pH range 3-8. Fig. 7 shows that the permeability of acetamide is constant over this range, indicating that pH does not affect the resistance of lecithin/decane bilayers.
Permeability-pH profiles for p-toluic acid and p-hydroxymethyl benzoic acid are presented in Fig. 8 . Both radiotracer and HPLC methods were used to obtain (14) wherefHA is the fraction ofthe unionized species HA and du, and DHA are, respectively, the entire unstirred water layer thickness and the aqueous diffusion coefficient for HA. The difference in the aqueous diffusion coefficients of the neutral and ionic forms, DHA and DA, is generally on the order of a few percent (32) and thus we assume that DHA = DA-. fHA is determined at a given pH from the ionization constant of HA, K.. The pK. for p-toluic acid at infinite dilution at 25°C is 4.36 (33) The permeability-pH profiles for both p-toluic acid (A) and p-hydroxymethyl benzoic acid (@, *) at 25°C. Both radiotracer (-) and HPLC (0) methods were used to determine the permeability coefficient ofp-hydroxymethyl benzoic acid. Both solid and dashed lines are from nonlinear regression analyses using Eq. 14. Fig. 8 using Eq. 14 yielded membrane permeabilities for p-toluic acid and p-hydroxymethyl benzoic acid of 1.1i± 0.2 cm s-I and (1.6 ± 0.4) X l0-3 cm s-', respectively. These values and the permeability coefficient ofacetamide are listed in Table 1 along with partition coefficients and ionization constants of these compounds.
As both substrates have similar molecular size and shape and therefore are likely to exhibit similar diffusion behavior, their relative ability to partition from water into the barrier domain in the bilayer becomes the major determinant of their relative permeabilities. If the transport barrier resides in a nonpolar hydrocarbon region, permeabilities should correlate well with the corresponding hexadecane/water partition coefficients listed in Ta (24) . Our value is nearer the low end of this rather broad range. The incorporation of a hydroxyl group into p-toluic acid decreases its membrane permeability coefficient by a factor of 700, corresponding to an -OH group contribution of 3.9 kcal/ mol. To our knowledge, this is the first determination of the -OH group contribution obtained from a comparison of lipid bilayer permeabilities of two molecules which differ in a single hydroxyl group which is completely isolated from neighboring hydrogen bonding groups on the same molecule. In the past, for example, Orbach and Finkelstein (41) obtained a A(AG0)OH of only 2.3 kcal/mol from a comparison ofthe permeability coefficients of glycerol and 1,2-butanediol but pointed out that the hexadecane/water partition coefficient ratio for these compounds was also much lower than expected due, perhaps, to internal hydrogen bonding in glycerol. Diamond and Wright (42) obtained an -OH group contribution of 3.6 kcal/mol from the relative permeabilities of 1,6-hexanediol and 1,2,6-hexanetriol in Nitella mucronata (43) but again, intramolecular hydrogen-bonding may have diminished the effective hydrophobicity of the additional -OH in 1,2,6-hexanetriol. Our value (3.9 kcal/mol) suggests that the barrier microenvironment is more selective to polar, hydrogen bonding groups than is the hydrogen-bonding solvent octanol although somewhat less selective than expected for a pure hydrocarbon environment. The barrier domain appears to be located within the bilayer interior, and not at the interface. An experimental probe of the polarity of the interfacial microenvironment is the -OH group contribution for equilibrium partitioning between water and lecithin liposomes, as solutes possessing one or more -OH groups probably localize near the interface in such a way that hydrogen bonding between the -OH and water or the polar head group of lecithin can occur. This -OH group contribution is 790-970 cal/mol (21) , far smaller than the value obtained from permeabilities. These conclusions are qualitatively consistent with those of Stein (24) and Finkelstein et al. (2, 41) who have argued that the chemical selectivity of the permeability barrier within lipid bilayer membranes resembles a hydrocarbon solvent more closely than other more polar solvents.
This observation for a single functional group does not allow one to locate the barrier region precisely, but does appear to indicate that the barrier domain may reside within the ordered hydrocarbon chains where the effective local polarity may be slightly higher than in bulk alkane solvents. The local polarity of the ordered hydrocarbon domain may be influenced by its proximity to the interfacial region, by partial penetration ofwater molecules into the bilayer, or by the presence of double bonds in the chains. The role of double bonds may be assessed by examining hexadecene/water partition coefficients of our model permeants (shown in Table 1 ), from which an -OH group contribution of 4.6 kcal/mol, reduced from the value for the transfer from water to hydrocarbon, is calculated. Further reduction might be expected if water molecules can penetrate into lipid bilayers, as supported by both statistical mechanical analyses (44) and molecular dynamic simulations (45) (46) which suggest that the penetration depth for water molecules into the bilayer interior is on the order of l0 A. In summary, these studies highlight the importance of considering the heterogeneity of lipid bilayer membranes in the development of a more fundamental and detailed understanding of transport across lipid bilayers. While Overton's rule assumes the bilayer to be a homogeneous phase and thus, predicts that transport rates should be inversely proportional to bilayer thickness, variation of the membrane thickness by varying the hydrocarbon content of the central, disordered region of planar lipid bilayers has been shown to have no effect on the permeability coefficient for acetamide. Further, we have validated a method for obtaining well isolated group contributions to the free energy of transfer of permeants into the permeability barrier domain. This method was used to obtain the -OH group contribution which provides additional evidence that the permeability barrier may be located in the more highly ordered, peripheral hydrocarbon regions of the bilayer. A more complete set of group contributions, currently being generated in our laboratories, will more definitively characterize the chemical nature of this barrier domain. 
